Objective: Reactive oxygen species (ROS) are significantly upregulated after spinal cord injury (SCI). MicroRNAs (miRNAs) are reported to be widely involved in regulating gene expression. This paper aims to explore the correlation between ROS-induced cell apoptosis and abnormal miRNA expression after SCI. Methods: To profile the expression of miRNAs after SCI, miRNA microarray was applied and the result was verified by reverse transcription quantitative PCR (RT-qPCR). ROS production following H 2 O 2 stimulation was examined using dihydroethidium staining and flow cytometry. The levels of miR-200c after H 2 O 2 treatment were determined using RT-qPCR. Cell viability and apoptosis were examined in murine BV-2 cells transfected with miR-200c mimics, inhibitor or negative control. Immunofluorescence and western blot were used to further explore the effects of miR-200c on Fas-associated phosphatase-1 (FAP-1) expression. 
INTRODUCTION
In spine and neurosurgery departments, spinal cord injury (SCI) is a common devastating injury, which is often caused by accidents and sports injuries. SCI can lead to deadly disabilities, including paralysis and loss of mobility. The main types of cells present in the spinal cord include oligodendrocytes, neurons, astrocytes and microglia. 1 Microglia constitute 5-20% of total glial cells in rodents, depending on the specific neuroanatomical region of the central nervous system (CNS). 2 Microglia cells are different from neuron and other glial cells owing to their origin, morphology, gene expression pattern and function. Microglia-mediated innate immune response in the CNS has key roles in the pathology of a number of CNS neuroinlammatory diseases. 2 To explore the pathologic factors after SCI, the immortalized murine BV-2 cell line was applied as it is reported to share many characteristics with primary microglia.
Reactive oxygen species (ROS), including H 2 O 2 , superoxide anion and hydroxyl radicals, have a key role in SCI as it can activate various pathways of apoptosis. One of the major cellular apoptosis pathways involves signaling via the death receptor CD95 (Fas/APO-1). CD95 causes apoptosis by forming a death-inducing signaling complex at the receptor, containing FADD, caspase-8/10 and the caspase-8 regulator c-FLIP. 3 Fas-associated phosphatase-1 (FAP-1) is an apoptosis inhibitor that regulates the CD95-induced apoptotic signaling. 4 A negative correlation between FAP-1 expression and CD95-mediated cell apoptosis has been observed in various cell types. [5] [6] [7] [8] The cellular mechanisms involved in SCI are complex. MicroRNAs (miRNAs) are a class of endogenous non-coding single-stranded RNAs, which are widely involved in regulating gene expression. By binding to the 3′-untranslated region, miRNAs can suppress gene expression. Aberrant miRNA expression has also emerged as a key regulator in secondary SCI. 9 MiR-200c was demonstrated to be significantly upregulated following H 2 O 2 treatment. 10 However, little research has been conducted on the expression of miR-200c after SCI. In this regard, we explored the miRNA expression file after SCI in mice. Furthermore, the correlation between ROS production and the altered expression of miR-200c in BV-2 cells was explored, thereby elucidating its special role in the functional recovery from SCI.
MATERIALS AND METHODS

Cell culture
Drug treatments
Cells were treated with the following drugs. H 2 O 2 (30% w/w solution; Sigma, St Louis, MO, USA) was administered to the cells as a 100 mM solution in phosphate-buffered saline (PBS). N-acetyl-L-cysteine (Sigma) was dissolved in water.
Transient transfections
Shortly before transfection, 1.5 × 10 5 cells were seeded per well in a six-well plate in 2 ml DMEM culture medium containing serum and antibiotics. Before transfection, the cells were incubated under normal growth conditions (typically 37°C and 5% CO 2 ). Then, miR-200c mimics, miR-200c inhibitor or miR negative control (Genepharma, Shanghai, China) were pre-incubated with HiperFect transfection reagent (Qiagen, Suzhou, China) with the final concentration of miRNA analogs at 100 nmol l − 1 .
RNA extraction and reverse transcription quantitative PCR
Total RNA was extracted from cell lines with Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. To detect and quantify mature miR-200a, miR-200b, miR-200c, miR-141, TaqMan MicroRNA Reverse Transcription kit and TaqMan MicroRNA Assay were applied according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). U6 RNA was applied to be normalized. To quantify miRNA levels, 10 ng of the total RNA was reverse transcribed using TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems) with specific primers for miR-200a, miR--200b, miR-200c, miR-141 and U6. Subsequently, the PCR amplifications were performed in 20 μl reaction volumes containing 10 μg TaqMan 2 × Universal PCR Master Mix, 1 μl 20X TaqMan MicroRNA Assay mix (Applied Biosystems) and 1.33 μl template cDNA in the same system used for mRNA quantitation. The thermal cycling conditions were, a hot start step at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Relative miRNA expression of miR-200c was normalized against the endogenous control, U6 RNA, using the comparative Δ-Δ C T method. Bio-Rad CFX Manager Software (Bio-Rad, Hercules, CA, USA) was used for quantitation analysis for both mRNA and miRNA. The primers for reverse transcription quantitative PCR are as follows (5′ − 3′): miR-200a; 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGA TACGACACAATCG-3′, miR-200b; 5′-GTCGTATCCAGTGCAGGGTCCGAG GTATTCGCACTGGATACGACTCATCA-3′, miR-200c; 5′-GTCGTATCCA GTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCCATC-3′, miR-141; 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCC ATCT-3′, U6; 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG GATACGACAAATATG-3′. The primers used for real-time PCR were as follows (5′ − 3′): miR-200a forward; 5′-GCTAACACTGTCTGGTAACG ATGT, miR-200b forward; 5′-GCGTAATACTGCCTGGTAATCATG-3′, miR-200c forward; 5′-GTAATACTGCCGGGTAATGATGGA-3′, miR-141 forward; 5′-GGCCGTTAAGACTGTCTGGTAA-3′, U6 forward; 5′-GCGCGT CGTGAAGCGTTC-3′, universal reverse primer, 5′-GTGCAGGGTCCGA GGT-3′.
Western blotting analyses
BV-2 cells were firstly treated with RIPA buffer (SolarBio, Beijing, China) containing 1% (v/v) PMSF (SolarBio), 0.3% (v/v) protease inhibitor (Sigma) and 0.1% (v/v) phosphorylated proteinase inhibitor (Sigma). Then, the supernatants were extracted from the lysates after they were centrifuged at 12 000 r.p.m. at 4°C for 15 min. And the proteins with equal amounts of 15 μg was separated on an SDS-PAGE gel (10% (v/v) polyacrylamide) and transferred onto a polyvinylidene fluoride membrane at 300 mA for 2 h as previously reported. 10 The primary antibodies were listed as follows: GAPDH, cleavedcaspase-3, Bcl-2, Bax, Bim and FAP-1 (Cell Signaling, Danvers, MA, USA). The protein bands were quantified using a PhosphorImager and ImageQuant (Amersham Biosciences, Piscataway, NJ, USA) software analysis.
Apoptosis assay
To detect the effects of miR-200c on BV-2 cell apoptosis, the cells (50-60% confluent) were transfected with miR-200c mimics, inhibitor or negative control. After treatment, the cells were washed with 1 × PBS for three times. Then, an Annexin-V FITC -PI Apoptosis Kit (Invitrogen) was applied to determine the apoptotic rate by flow cytometry. This assay employs fluorescein-labeled Annexin-V in concert with propidium iodide to detect the cells undergoing apoptosis.
Dihydroethidium staining
Cells cultured on six-well chamber slides were washed with PBS three times for 5 min per wash, and then the slides were incubated with ROS Fluorescent Probe-dihydroethidium (Vigorous Biotechnology Beijing Co., Ltd, Beijing, China) in serum-free DMEM F12 medium for 30 min at 37°C in darkness, fixed in 4% paraformaldehyde for 30 min at room temperature (RT). The slides were washed again and mounted. Immunofluorescence images were captured by fluorescence microscopy.
Immunofluorescence
Cells grown on chamber slides were washed with PBS for 15 min (total), fixed in 4% paraformaldehyde for 30 min at RT and permeabilized with 0.1% TritonX-100 at RT for 5 min. After three washes with PBS for 15 min (total), nonspecific binding was blocked with 3% bovine serum album in PBS for 1 h at RT. Next, the cells were incubated with the following primary antibodies: murine FAP-1 and GAPDH (Cell Signaling). Then, the cells were washed with PBS and incubated with TRITC-conjugated anti-mouse IgG (Zhongshan Biotechnology, Beijing, China). After several washes 15 min (total) with PBS, the cell nuclei were visualized with Hoechst 33258 staining at a concentration of 10 μg ml − 1 for 10 min at RT. The slides were then examined using a fluorescence microscope.
Statistical analysis
The data were expressed as the mean ± s.e.m. The number of independent experiments was represented by 'n'. Multiple comparisons were performed using one-way analysis of variance followed by Tukey's multiple-comparison test, where Po0.05 was considered significant.
RESULTS
Oxidative stress modulated miR-200c expression
To profile the expression of miRNAs after SCI, miRNA microarray was applied and the result of miRNA microarray showed that miR-200c was increased the most after SCI in mice (Figure 1a) . The result of miRNA microarray was verified by quantitative PCR. As shown in Figure 1b , miR-200c was increased by 6.7, 11.2 and 5.6-fold at 3, 7 and 14 days, respectively. As SCI was usually accompanied by significant ROS production in microglia cells, murine BV-2 cells were treated with 100 μM H 2 O 2 for 10 h. Dihydroethidium staining showed that H 2 O 2 significantly enhanced ROS production ( Figure 1c) . Furthermore, flow cytometry analysis revealed that H 2 O 2 increased ROS levels more than threefold compared with the control (Figure 1d ). After murine BV-2 cells were exposed to 100 μM H 2 O 2 for 10 h, the levels of miR-200s family were determined. As shown in Figure 1e , miR-200c was upregulated after 2 h exposure of H 2 O 2 and its expression reached the peak (6.3-fold induction) at 16 h (Figure 1e ). Moreover, miR-200c induction was dose dependent at H 2 O 2 concentrations of 100-400 μM (Figure 1f ). In comparison, no significant induction of miR-200a and miR-200b was found with H 2 O 2 treatment. Meanwhile, miR-141 was found to be upregulated but to a much lower level (Figures 1e and f) . Thus, in this paper, miR-200c was selected owing to the significant induction by ROS production in murine BV-2 cells.
ROS production induced apoptosis in murine BV-2 cells by enhancing cleaved-caspase3 expression
Because previous studies have established that miR-200c can induce apoptosis. 11 Thus, we examined the effect of H 2 O 2 on apoptosis in BV-2 cells. When murine BV-2 cells were exposed to 100 μM H 2 O 2 for 16 h, the levels of cleaved-caspase3 were significantly enhanced, as shown by western blot analysis (Figure 2a) . The upregulated cleaved-caspase3 induced apoptosis through enhanced protein levels of Bax and Bim as well as reduced expression of the Bcl-2 protein.
However, a pretreatment with the ROS scavenger N-acetylcysteine significantly reversed the H 2 O 2 -induced upregulation of cleavedcaspase3, thereby inhibiting the downstream apoptotic signaling (Figure 2a) . Hoechst staining further showed obvious cellular apoptosis following H 2 O 2 exposure (Figure 2b) . Notably, cell growth was also significantly reduced upon H 2 O 2 exposure, whereas scavenging ROS production with N-acetylcysteine reversed this effect (Figure 2c ). These data indicate that ROS production induced apoptosis in murine BV-2 cells by enhancing cleaved-caspase3 expression. 
FAP-1 was the target gene of miR-200c
Because a previous report identified FAP-1 as the target gene of miR-200c, we tested the impact of miR-200c on FAP-1 expression. 11 As shown in Figure 5a , when murine BV-2 cells were transfected with miR-200c mimics, FAP-1 protein levels were significantly reduced, along with the activation of cleaved-caspase3. By contrast, transfection 
DISCUSSION
After SCI, multiple molecular and biochemical changes occur, including aberrations in mRNA levels, protein expression, inflammatory factor secretion, ROS production and neural cell apoptosis and death. 12 Many studies have addressed the altered mRNA and protein levels after SCI as well as their correlation with SCI pathophysiology. MicroRNAs are a class of small non-coding single-stranded RNA molecules. miRNAs are known to repress gene expression by binding to the 3′-untranslated region (3′-UTR). An abnormal miRNA expression profile following SCI was suggested to affect SCI pathophysiology and functional recovery. 13 For instance, miR-21 was significantly upregulated 3 days after SCI in rats and showed strong anti-apoptotic effects, thus indicating its protective role after SCI. Growing evidence supports the key role of ROS production in cellular apoptosis after SCI, yet the specific mechanisms remain unclear. 14 In this study, we treated murine BV-2 cells with H 2 O 2 to generate a cellular model of SCI. By using reverse transcription quantitative PCR analysis, we found the expression pattern of some miRNAs to be significantly altered. According to our data, miR-200c upregulation started 2 h after H 2 O 2 treatment and achieved its peak at 16 h. miR-200c expression was enhanced by the H 2 O 2 treatment in a dose-dependent manner. Oxidative stress has a key role in various pathologies; many studies have explored an underlying mechanism, by which ROS production regulates cellular apoptosis. 15 Here, we have explored the effect of ROS production on apoptosis in murine BV-2 cells. As shown in Figure 2 , ROS production in BV-2 cells significantly induced caspase-3-activated apoptosis and inhibited cell growth. Thus far, little research has addressed ROS-induced miRNA alterations in murine BV-2 cells and their effects on spinal cord functional recovery. 13 MiR-200c belongs to the miR-200 family that has been reported to regulate the epithelial-to-mesenchymal transition in various cancer cells and tissues. [16] [17] [18] In tumors, miR-200 expression is significantly reduced, which promotes the epithelial-to-mesenchymal transition and thus enhances cancer cell aggressiveness and metastasis. By contrast, the introduction of miR-200 inhibits cancer cell growth. In line with these observations, we found that the ROS-induced upregulation of miR-200c significantly inhibited cell growth, whereas the inhibition of miR-200c increased cell viability. These findings In summary, this study demonstrates that miR-200c is upregulated by ROS production in murine BV-2 cells and that the overexpression of miR-200c induces significant apoptosis. We have shown FAP-1, which inhibits CD95-mediated cell apoptosis, to be a direct target of miR-200c. Our finding indicates that the upregulation of miR-200c expression enhances apoptosis and inhibits functional recovery in the BV-2 cell model, which may represent a therapeutic target for enhancing neural cell functional recovery after SCI.
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